Abstract Entrainment rate is a critical but highly uncertain quantity in convective parameterizations; especially, the effects of environmental relative humidity on entrainment rate are controversial, or even opposite, in different studies. Analysis of aircraft observations of cumuli from the Routine AAF (Atmospheric Radiation Measurement [ARM] Aerial Facility) Clouds with Low Optical Water Depths (CLOWD) Optical Radiative Observations (RACORO) and Rain in Cumulus over the Ocean (RICO) field campaigns shows that entrainment rate is positively correlated with relative humidity. Physical analysis shows that higher relative humidity promotes entrainment by reducing buoyancy in the cloud cores and by weakening downdrafts near the cloud cores. The reduced buoyancy in the cloud cores and weakened downdrafts surrounding the cores further reduce updrafts in the cloud cores; the cloud cores with smaller updrafts are more significantly affected by their environment, resulting in larger entrainment rate. The relationship between entrainment rate and relative humidity is consistent with the buoyancy sorting concept widely used in convection parameterizations. The results provide reliable in situ observations to improve parameterizations of entrainment rate.
Introduction
Clouds cover around two thirds of the Earth's surface and are important for radiative transfer and global climate (Chiu et al., 2009; Lin et al., 2015; Yang et al., 2016; Zhang et al., 2018) . Cumulus clouds play important roles in vertical transport of energy and mass (Heiblum et al., 2016) ; convective parameterizations are critical to simulations of precipitation, Madden-Julian Oscillation, etc (Del Genio & Wu, 2010; Lu & Ren, 2016; Su et al., 1999; Wu et al., 2007; Zhang & McFarlane, 1995) . Many studies have focused on entrainment-mixing near cloud edges (Kumar et al., 2013 (Kumar et al., , 2017 Lu et al., 2018; Malinowski et al., 2013; Small et al., 2013; Xue & Feingold, 2006) . Entrainment rate (λ) is a key quantity in convective parameterizations (Blyth, 1993; Donner et al., 2016; Luo et al., 2010; Moser & Lasher-Trapp, 2017; Nie & Kuang, 2012) . However, its parameterization has large uncertainties (Romps, 2010) . Many parameterizations relate λ to different quantities, such as buoyancy (B) and vertical velocity (w; Dawe & Austin, 2013; de Rooy & Siebesma, 2010; Grant & Brown, 1999; Gregory, 2001; Lin, 1999; Neggers et al., 2002; Squires & Turner, 1962; von Salzen & McFarlane, 2002; Zhang et al., 2015) . Environmental relative humidity (RH) is also expected to have a significant impact on convection through entrainment (Axelsen, 2005; Böing et al., 2014; Jensen & Del Genio, 2006; Stirling & Stratton, 2012) . It is interesting to find that different studies have reached different or even opposite conclusions on the relationship between λ and RH.
Using the Met Office Large-Eddy Model, Stirling and Stratton (2012) found that λ was higher for higher RH. Using a large eddy simulation model, Axelsen (2005) carried out sensitivity simulations and found that the driest simulations had the lowest λ. Jensen and Del Genio (2006) analyzed ground-based remote sensing data and found that λ was positively correlated with RH.
However, Bechtold et al. (2008) and Zhao et al. (2018) argued that λ was negatively correlated with RH in deep convection, and they implemented such relationships in climate models, respectively. Based on large eddy simulation results, Böing et al. (2012) found that the sensitivity of λ to RH was quite weak, although the two quantities were still negatively correlated. In a cloud-resolving model, Derbyshire et al. (2011) set RH to 80% between 1 and 2 km and different RH above 2 km. The λ did not show any consistent trend with RH above 2 km; in the layer 1-2 km, λ was found to be smaller in a wetter environment.
Based on the above literature review, it is still not clear how RH affects λ. Stirling and Stratton (2012) pointed out "that caution should be applied about the universality of the relationship we find between entrainment and RH." Derbyshire et al. (2011) claimed that the adaptive entrainment to RH raised big questions and required further research. de Rooy et al. (2016) concluded that "the influence of environmental RH on λ was yet far from established."
There are three deficiencies in the previous studies on the relationship between λ and RH. First, to the authors' knowledge, the relationship between λ and RH is mostly studied by numerical simulations, and there are no analyses based on in situ cloud observations. Second, physical mechanisms underlying the relationship between λ and RH are still not clear. Third, in many studies, λ was estimated with conserved quantities related to RH, and thus, it is possible that the relationship could be due to mathematical artifacts.
To address these problems, this study examines the relationship between λ and RH with in situ aircraft observations for the first time. The data were collected during the Routine AAF (Atmospheric Radiation Measurement [ARM] Aerial Facility) Clouds with Low Optical Water Depths (CLOWD) Optical Radiative Observations (RACORO) field campaign and during the Rain in Cumulus over the Ocean (RICO) project (Rauber et al., 2007) . The underlying physical mechanisms are examined after eliminating the possible mathematical artifacts for the relationship. Note that this work only focuses on shallow cumulus clouds with the cloud thickness in the range of 200-500 m .
Data and Approaches

Data
During RACORO from 22 January to 30 June 2009, measurements were carried out with the Center for Interdisciplinary Remotely-Piloted Aircraft Studies Twin Otter aircraft over the ARM Southern Great Plains site. Cloud microphysics was observed by the Cloud and Aerosol Spectrometer and Cloud Imaging Probe. A Rosemount probe was used to measure temperature (T), and the Diode Laser Hygrometer was used to measure water vapor mixing ratio (q v ; Podolske et al., 2003) . Temperature is empirically corrected using liquid water content (LWC; . Several microphysical, thermodynamic, and dynamical criteria are used to select nondrizzling growing cumulus clouds ; one important criterion is that
where g is the acceleration of gravity and T v is virtual temperature (Wallace & Hobbs, 2006) :
The subscripts c and e in equation (1) indicate cloud cores and environments, respectively. The cloud core edge is the point where updraft changes to downdraft Gerber et al. (2008) and Lu, Liu, Yum et al. (2012) estimated λ in these clouds. Here another criterion in equation (1) is applied. Eleven clouds are selected.
Approaches
Two approaches are used and compared in this study. The first approach (Lu, Liu, Yum et al., 2012) is the mixing fraction approach, and λ estimated from this approach is labeled as λ mix . Briefly, both q t (equal to q v plus liquid water mixing ratio [q l ]) and liquid water potential temperature (θ l ) are conserved. λ mix is calculated with the conservation of them:
where the subscripts c, a, and e indicate cloud cores, adiabatic clouds, and environments, respectively; χ a is mixing fraction of adiabatic cloud; and h is the aircraft penetration height above cloud base. θ l is defined as (Betts, 1973) 
where c p is specific heat capacity at constant pressure, L is evaporative latent heat, and θ is potential temperature. One advantage of the mixing fraction approach is that there is no need to measure temperature in cloud, which is often problematic (Lu, Liu, Yum et al., 2012) . Therefore, both equations ((3a)) and ((3b)) are used to calculate χ a without using temperature as an input. The temperature after correction with LWC is only used to calculate buoyancy in equations ( (1)) and ( (2)) to select clouds in RACORO. See more details in Lu, Liu, Yum et al. (2012) , .
The second approach is the bulk-plume approach (Betts, 1975) , and λ estimated is labeled as λ bulk :
where ϕ is a conserved quantity and z is height; the subscripts c and e indicate cloud cores and environments, respectively.
As tested in Lu, Liu, Yum et al. (2012) , the two approaches produced similar vertical profiles of λ, but the results from the mixing fraction approach had smaller uncertainties. Only the mixing fraction approach is used for RACORO to study the relationship between λ and RH. Both approaches are used for RICO to rule out the mathematical artifact, which is detailed in section 3.
Results
Relationships Between λ mix and Environmental RH in RACORO
In RACORO, λ mix is estimated. As illustrated in Figure 1 of , the environmental T and q v are from near the cloud core edges; the distance between the environmental air and the cloud core edge is D-2D, where D is equal to 10, 20, 30, 40, 50, 100, 300, and 500 m. Cloud base heights and h in equations ( (3a)) and ((3b)) are estimated for each cloud by assuming that adiabatic LWC (LWC a ) equals the observed maximum LWC (LWC max ; Lu, Liu, Niu et al., 2012).
As shown in Figure 1 , λ mix is positively correlated with environmental RH and the relationships between them can be well fitted with
where f and g are two empirical parameters. The correlation coefficient (R) is high, between 0.71 and 0.81 for different D values with p < 0.01.
Removing the Effect of RH in Calculation of Entrainment Rate
A first glance at the equations for estimating λ mix suggests that the positive correlations between λ mix and RH might be due to the conservation of q t , that is, a result of a mathematical artifact without any physical meaning. Rewriting equation (3a) yields
Everything else being equal, q tc -q te in equation (7) is larger for lower RH (and thus q te ). Therefore, χ a is larger. As a result, λ mix is smaller according to equation (3c). Conservation of q t dictates that less dry air from outside cloud is needed to reduce LWC a to the observed value when environmental RH is lower; less dry air entering cloud means smaller λ mix . The positive correlation between λ mix and RH could be mathematical artifacts, even without physical mechanisms.
It should be emphasized that the bulk-plume approach also suffers from such potential mathematical artifacts if q t is used in equation (5). However, it does not have such a problem if θ l is used as the conserved quantity, because RH is not included in the calculations of θ l . To rule out the possible mathematical artifact, 11 clouds observed in RICO are used to estimate λ bulk using θ l in the bulk-plume approach. The definitions of cloud cores and environmental air are the same as those in RACORO, respectively. D is equal to 10, 20, 30, 40, 50, and 100 m. The distance between two neighboring cloud core edges should be larger than 3D to make sure that the selected dry air with D to 2D away from one cloud core edge is also far away (≥D) from its neighboring cloud core edge . For D = 300 or 500 m, the distance between the edges of some clouds is even smaller than 2D. If we use D = 300 or 500 m and abandon these clouds, there will be too few clouds to analyze. Therefore, D = 300 or 500 m is not used. In addition, the purpose to analyze the RICO data is to verify that λ is positively correlated with RH, not to study the dependence of λ on D. Using D ≤ 100 m is good enough for this purpose.
Measurements at two levels are needed to calculate λ bulk . Here we use the cloud base height and a horizontal penetration of aircraft. The cloud base heights of the 11 clouds were supposed to be similar because they were marine cumulus clouds (Gerber et al., 2008) . Figure 2a shows that λ bulk is positively correlated with RH with D = 50 m as well. The positive correlation between λ bulk and RH indicates that the positive correlation is due to physical mechanisms, not mathematical artifacts. The relationships between λ bulk and RH for other environmental air sources with different D values are similar.
The reason why the bulk-plume approach is not used in RACORO is that cloud base heights for different clouds change even in the same flight . In the mixing fraction approach, cloud base heights are estimated assuming that LWC max is equal to LWC a . As discussed in , the assumed LWC max might be less than LWC a , because LWC max could already be affected by entrainment. However, the effects of uncertainties in LWC a on the calculations of χ a and h are canceled to some extent. Assuming that LWC a is 1.25 times of LWC max causes relative difference of λ mix estimation within the range of 10%-16% for different D values. However, the uncertainties in LWC a and cloud base estimation could significantly affect λ bulk , because there is no cancellation in the bulk-plume approach. In RICO, the cloud base heights of different clouds are similar because of the marine environment. The cloud base height estimated by Gerber et al. (2008) should be quite accurate. Both mixing fraction and bulk-plume approaches are applicable in RICO. Figure 2b shows that λ bulk and λ mix are positively correlated. This further confirms that even if λ in RACORO is estimated with the bulk-plume approach instead of the mixing fraction approach, the sign of the correlation between λ and RH remains unchanged.
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Physical Mechanisms for the Positive Correlations Between λ mix and RH
After ruling out the possibility of implicit mathematics being the reasons for the positive correlations between λ mix and RH, here we perform indepth inspection to reveal the underlying physical mechanisms-a chain of thermodynamic, dynamical, and microphysical interactions between cloudy and environmental air.
Mechanism Related to Buoyancy
As shown in Figure 3a , w in the cloud cores (w c ) is negatively correlated with RH. As discussed in Neggers et al. (2002) and , entrainment rate is larger for smaller w c . Therefore, higher RH corresponds to smaller w c , and then larger λ mix . Note that w c is driven by B and B has significant impacts on cumulus lifecycle and entrainment (e.g., Luo et al., 2010) . Figure 3b shows that B is also negatively correlated with RH. Then the question boils down to how RH affects B. Substituting T vc and T ve in equation (2) to equation (1) yields
In 62 out of 102 clouds, the humidity term, 0.608(T c q c À T e q e ), is larger than the thermal term, (T c À T e ). Others being equal, smaller q e and RH cause larger B. Furthermore, T c q c = T e q c + (T c À T e )q c ; (T c À T e )q c is much smaller than T e q c ; therefore, T c q c ≈ T e q c and the humidity term becomes 0.608(T e q c À T e q e ), eliminating the effect of temperature. Again, there are also 62 clouds, which have the humidity term larger than the thermal term. This analysis suggests that water vapor plays a bigger role than temperature in determining B in the cloud cores, and further affects w c . The dependence of λ mix on RH arises through the effects of RH on B and w c . Telford and Chai (1984) also found that convection was driven by water vapor instead of temperature. Yang (2018) found that the horizontal scale of convective self-aggregation decreased if the effect of water vapor was not considered. Seeley and Romps (2016) showed that the effect of water vapor on buoyancy was larger than that of temperature in low levels, and smaller in high levels. Seeley and Romps (2015) found that smaller RH leads to larger B and w c .
Mechanism Related to Humid Shells
In addition to B, w c is also affected by humid shells; the shells are subsiding air surrounding cloud cores (Becker et al., 2018; Heus & Jonker, 2008; Jonas, 1990; Katzwinkel et al., 2014) . As shown in Table 1 , w c is negatively correlated with w in the environment (w e ) in all the 102 clouds with p < 0.05 for D < 100 m. A larger downdraft (more negative w e ) corresponds to a larger updraft (more positive w c ). The negative correlation between w c and w e may be related to the coherent structure or internal circulation between updraft and downdraft (Park et al., 2016; Sherwood et al., 2013; Zhao & Austin, 2005) . When D is equal to 100, 300, and 500 m, the correlations are still negative though with p > 0.05. The reason could be that the coherent structure between w c and w e becomes weak for D ≥ 100 m. Note that not all the 102 clouds have negative w e for different D values. When the clouds with positive w e are excluded, the absolute values of R increase for D < 100 m (Table 1) .
Since w c is related to w e , it is interesting to analyze whether w e is affected by RH. As shown in Table 1 , positive correlations between w e and RH are found for different D values. Therefore, lower RH corresponds to more negative w e . The reason is that when RH is lower, more cloud droplets near cloud edge evaporate and evaporate faster, which results in faster and stronger evaporative cooling. The lower temperature in environment 
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Geophysical Research Letters increases the downdraft convective available potential energy, which further causes more negative w e , because the maximum downdraft is proportional to square root of downdraft convective available potential energy (Emanuel, 1994) . More negative w e corresponds to more positive w c due to the coherent structure as discussed above. Because evaporation occurs near the cloud core edges, the correlations are not significant for D > 100 m (Table 1 ). In addition, R increases when the clouds with positive w e are excluded for small D. Therefore, RH affects λ mix through its effects on the evaporation rate of cloud droplets, and then w e , w c .
Further Discussions
The positive correlation between λ and RH is also supported by the concept of buoyancy sorting (Bretherton et al., 2004; de Rooy & Siebesma, 2008; Emanuel, 1991; Kain & Fritsch, 1990) . Buoyancy sorting refers to a concept of lateral mixing across the interface of cloud cores and environments. Different mixtures around cloud edges have different proportions of cloudy and dry air. The positively buoyant mixtures with mixing fraction of dry air (χ d ) smaller than its critical value (χ dc ) are entrained into cloud cores, and the negatively buoyant ones with χ d > χ dc are detrained. This concept is supported by observations and high-resolution simulations and is widely used in cumulus parameterizations (Bretherton et al., 2004; de Rooy & Siebesma, 2008; Emanuel, 1991; Kain & Fritsch, 1990 ) and stochastic cloud models (Raymond & Blyth, 1986) . Although the methods to determine χ dc and λ could be different in different studies, the concepts are similar. de Rooy and Siebesma (2008) derived χ dc as a function of RH:
where A and B are two parameters. Bretherton et al. (2004) derived that
where ε 0 is a parameter related to height above ground. Equations (9a) and (9b) indicate that χ dc and λ are larger when RH is higher, that is, a positive correlation between λ and RH. Figure S1 shows that regression of the observational data conforms well with equations (9a) and (9b).
As discussed in de Rooy et al. (2016) , the buoyancy sorting concept stands in contrast with the negative relationship between λ and RH assumed in the parameterization developed by Bechtold et al. (2008) and Zhao et al. (2018) . Derbyshire et al. (2011) suggested two competing mechanisms regarding cloud size and natural selection from a diverse population of clouds to discuss the different relationships between λ and RH. The positive correlation between λ and RH in RACORO supports natural selection that when RH is high, a cloud with large λ can still exist; when RH is low, only a cloud with small λ can survive. No significant correlation between λ and cloud size is found in RACORO (not shown). Stirling and Stratton (2012) tried to compromise the different relationships and stated that Bechtold et al.'s (2008) parameterization might be "an alternative way of inhibiting the convection in low-RH environments, (where our CRM results achieve this through higher detrainment rates)." Stirling and Stratton's (2012) CRM results are consistent with the conclusion based on the equation derived by Bretherton et al. (2004) 
where δ is detrainment rate. Lower RH corresponds to smaller χ dc (equation (9a)) and further causes larger δ (equation (10)), inhibiting convection. Further observational studies between δ and RH are needed to confirm this. 
Concluding Remarks
The relationship between λ and RH is examined by use of in situ observational data collected during the RACORO and RICO aircraft campaigns. The λ in the cumulus clouds during RACORO is estimated using the mixing fraction approach and is found to be positively correlated with RH. Because RH is implicitly embedded in the mixing fraction approach, the positive correlation between λ and RH could be due to mathematical artifacts: more dry air is needed to reduce LWC a to observed LWC when the RH is higher. To rule out the mathematical artifacts, λ in the clouds during RICO is estimated using both the bulk-plume approach with θ l that is not related to RH and the mixing fraction approach. The λ from the bulk-plume approach is still positively correlated with RH, and λ from the two approaches are positively correlated. Therefore, the positive correlation is not due to mathematical artifacts, but due to physical mechanisms, as summarized below.
First, higher RH promotes λ through its effects on B. In 62 out of 102 clouds, water vapor plays a more important role than temperature in determining B. Higher RH causes smaller B. Since w c is driven by B, higher RH corresponds to smaller w c . Smaller w c means that a cloud has more time to interact with environmental air, causing larger λ (Neggers et al., 2002; Zhang et al., 2015) . The effects of RH on B and/or w c are likely the primary reasons for the dependence of λ on RH. Second, higher RH promotes λ through its effects on w e . It is found that w e is positively correlated with RH; that is, lower RH corresponds to stronger downdraft near the cloud cores, which further causes larger w c in the cloud cores and smaller λ.
Two points are noteworthy. First, the relationship between λ and RH agrees with the buoyancy sorting concept that has been used in previous studies (Bretherton et al., 2004; de Rooy & Siebesma, 2008; Emanuel, 1991; Kain, 2004) but is at odds with Bechtold et al.'s (2008) and Zhao et al.'s (2018) parameterization for deep convection. This study focuses only on shallow cumulus clouds; aircraft observations from deep cumulus clouds are needed to further examine the relationship between the two quantities. Second, this study is focused on entrainment rate; it is also needed to extend the current approaches to calculate detrainment rate using aircraft observations and further examine the effects of RH on detrainment rate. 
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